STM images show that vicinal Au(788) surfaces are made up of a uniform array of (111)-oriented terraces of similar width ͑ϳ3.8 nm͒. This uniformity makes it possible to study the electronic structure of the resulting step superlattice by angle-resolved photoemission. We show that for this terrace array the surface state appears to be broken up into one-dimensional quantum-well levels, indicating total electron confinement within the terraces. The angular resolution allows the probability density of the terrace quantum well state to be mapped in reciprocal space, complementing nicely the wave function measured in real space by STM. DOI: 10.1103/PhysRevLett.87.107601 PACS numbers: 79.60.Bm, 68.35.Bs, 73.21. -b Vicinal surfaces are natural templates for growing nanostructured solids with low-dimensional properties [1, 2] . They also serve as model systems for studying the electron wave functions and other basic properties of lateral nanostructures [3] . Vicinal noble metal (111) surfaces are particularly suitable because they have a freeelectron-like surface state that scatters strongly at step edges, leading to one-dimensional confinement within terraces, standing-wave patterns, and step superlattice effects [4 -6]. One big advantage is that the surface state can be readily probed by both scanning tunneling microscopy/ spectroscopy (STM/STS) or photoemission [3] [4] [5] [6] [7] . Since photoemission is an averaging technique it requires regular arrays of steps over comparatively large areas to obtain meaningful results. However, most surfaces have a variety of defects and in general a broad distribution of terrace sizes. This hampers the observation of small effects such as the opening of a step superlattice gap at the edge of the Brillouin zone. In contrast, in STM a single terrace is enough to study electronic properties, such as confinement or scattering, but the reciprocal space of the superlattice cannot be properly investigated as in photoemission. It is interesting to note the difference between STM experiments that reveal total electron confinement [4, 5] , and photoemission results that show electron dispersion across the steps and superlattice effects [3, 6, 7] . Although the differences appear to be related to the average terrace size involved (large in STM, small in photoemission, [3] ), in fact terrace confinement of surface states observed with photoemission has never been reported previously. Here we present clear evidence of the first two energy levels of a terrace quantum well from photoemission in agreement with STM observations. Both levels display strong angular-dependent intensity, as expected from the photoemission matrix element of one-dimensional quantum-well levels. We show how angular scans of the photoemission intensity probe in reciprocal space the same localized electron wave functions probed by STM in real space.
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Photoemission experiments have been performed at the SU8 undulator, Spanish-French beam line at LURE (Paris). The experiments were performed at 300 K using p-polarized light and photon energy hn 27 eV. The experimental station is equipped with an angle-resolved photoemission setup that provides an angular resolution lower than 0.5 ± . The total energy resolution is 50 meV. The high index surface is Au(788), i.e., Au(111) vicinal with a miscut angle of 3.5 ± towards ͓211͔ (composed of ͕111͖-like steps). The single crystal was prepared by extensive sputtering-annealing cycles until the LEED pattern displayed the characteristic spot splitting. Figure 1a shows a STM picture of the Au(788) on a large scale. In the bottom right the inset shows a zoom of a few terraces where the corrugation due to the terrace levels has been subtracted. This enhances the discommensuration lines running perpendicular to the step edges that indicate the presence of alternating fcc-and hcp-packed domains along a single terrace. Figure 1b shows the terrace width distribution of the surface measured over 30 images and more than 200 terraces. 60% of the terraces have the nominal L 38.2 Å terrace width 6 one atomic row. The reason for such a homogeneous distribution at room temperature must be related to the high kink energy of the ͕111͖ steps on gold. One may invoke also the presence of the surface reconstruction stabilizing straight steps as observed on Si(111) [8] . For most of the Au(111) vicinals this reconstruction leads to a hill-and-valley, faceted structure [9] , but Au(788) is a stable orientation. The LEED pattern of the specular spot taken at E 20 eV shown in Fig. 1c demonstrates on a macroscopic scale the excellent periodicity of the surface in both the direction (788) showing straight monatomic steps and (b) the corresponding terrace width distribution. The inset shows the detailed structure at a smaller scale. Bright and dark areas indicate the presence of alternating fccand hcp-packed layers within the same terrace [9] . (c) The LEED pattern contains both superstructures perpendicular and parallel to the terraces. perpendicular (narrow terrace width distribution) and parallel (72 Å periodic fcc-hcp reconstruction) to the steps. Figure 2 shows the photoemission spectra of Au(788) near the Fermi level and the dispersion of the surface state peak along the two relevant directions of the surface, i.e., perpendicular (x direction) and parallel ( y direction) to the steps. k x and k y are straightforwardly obtained from the emission angle and the (measured) kinetic energy k x,y p ͑2m͞h 2 ͒E kin sinu. The emission angle is measured with respect to the [788] surface normal direction. The anisotropy of the dispersion in Fig. 2 is striking. Along the steps the surface state behaves as in flat Au(111). It disperses symmetrically around k y 0, and crosses the Fermi level at k y 60.168 Å 21 . The resulting effective mass ͑m ‫ء‬ 0.27 3 m e ͒ is similar to Au(111) [10] . In the perpendicular direction the main surface peak does not show any appreciable dispersion over a very wide angular range. Therefore the surface state in Fig. 2 has onedimensional character, i.e., it has a free-electron-like dispersion along the terraces and it becomes totally confined between two steps in the perpendicular direction, as observed in STM [4, 5] . The dispersion across the steps in the right panel of Fig. 2 shows a second feature (tick marks) at about 20.1 eV which is more intense a few degrees off normal emission. In order to extract the details of this second peak we have performed a line fitting to the spectra. The fit was done using Lorentzians for both peaks plus a Shirley and a linear background, all convoluted with a Gaussian to account for the overall energy resolution. From this fit we obtained the binding energy of both peaks, shown in Fig. 3 , and their intensity (area under the peak), shown in Fig. 4 . The size of the data points in Fig. 3 reflects the intensity of the peaks shown in Fig. 4 . Figure 3 also includes the parabolic dispersion in the direction parallel to the steps using the same wave vector scale for k y . Within the error bars, the fit gives two flat bands at 20.40 and 20.11 eV. The lack of dispersion proves the presence of quantum levels in a totally-confining potential well, as observed in STM experiments on Ag(111) [5] . Furthermore, the energy gap in Fig. 3 gives exactly the value of the energy interval between the lowest two levels of the infinite 107601-2 107601-2 VOLUME 87, NUMBER 10
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Emission angle (deg) (111) terrace, and perpendicular (k y 0, data points) and parallel (k x 0.14 Å 21 , dotted line) to the steps, obtained from the data in Fig. 2 . The size of the dots is proportional to their corresponding peak intensity (Fig. 4) . The energy gap between quantum levels and the lack of dispersion indicates total electron confinement within terraces.
one-dimensional quantum well of size L 38.2 Å, i.e.,
29 eV, where m ‫ء‬ 0.27 3 m e . This gap is equal to the one measured by STM at the center of a slightly narrower terrace (36 Å) on Au(111), though the first two peaks in the differential conductance spectra of Ref. [4] lie at 20.33 and 20.01, ϳ0.1 eV above the quantum levels of Fig. 3 . Full confinement indicates that there is no coupling between terraces for Au(788), i.e., the transmission of the surface wave function across the step potential barrier is small [11] . In contrast, transmission and coupling between terraces is needed to explain the band dispersion observed on vicinal Cu(111) surfaces with higher step densities [6, 7] . Such differences must be associated with the switch from terrace to step modulation of the surface wave function observed on vicinal Cu(111) as the step density increases [3] .
The energy of the N th level of the terrace quantum well is referred to E F 2 E 0 , i.e., the ground state of the flat surface ͑L `͒:
From the absolute energy of the quantum levels in Fig. 3 we obtain E F 2 E 0 20.50 eV. This is lower than the surface band minimum for Au(111) E F 2 E 0,flat 20.46 eV, that we have measured separately on a different sample [12] . Note that E 0 in Eq. (1) corresponds to the surface state energy of an infinitely wide terrace such as those shown in Fig. 1 , which has a reconstruction that is different from the normal Au(111) surface. Thus E 0 is given by the surface potential of a (111) plane with straight fcc-and hcp-packed domains of infinite length. For Au(111) the periodicity of the fcc-hcp superstructure is lower (ϳ63 Å) than that of the terraces in Fig. 1 , and the domains are not straight but form a zigzag structure [13] . This represents a rougher surface for which we expect a higher value of E 0 .
The intensity curves in Fig. 4 represent the experimental angle-resolved photoemission matrix element in the direction perpendicular to the steps for the terrace quantum levels. We can estimate such matrix element starting with Fermi's golden rule:
At a terrace we can approach the initial state wave function as the product of a decaying wave into the bulk, a plane wave parallel to the terrace, and the wave function in the x 0 direction, i.e., c i ͑x Fig. 4 . The final state wave function can be assumed to be a plane wave in the x 0 and y 0 direction, and also in the z 0 direction when the electron is out of the crystal, thus c f e iq?r . With the photon energy used in the experiment and close to the surface normal q z 0 ͑¿ q x 0 , q y 0 ͒ is fixed by energy conservation. In the direction perpendicular to the steps ͑q y 0 0͒ we obtain I͑q x 0 ͒, thus the angle-resolved photoemission matrix element for a given value of q x 0 :
where q x 0 is the final-state wave vector along the x 0 direction, fixed by the emission angle. Note that I͑q x 0 ͒ in Eq. (3) actually describes the probability density jc͑q x 0 ͒j 2 in reciprocal space, which is the analog of the charge density mapped in real space by STM [4, 5] . Such probability density is obtained experimentally in Fig. 4 for N 1 and N 2 in the terrace quantum well. It is thus interesting to compare the experimental probability density of the terrace quantum well with the infinite, one-dimensional quantum well of size L. In this case we have the known wave functions c N ͑x 0 ͒ sin͑pNx 0 ͞L͒ that allow to simplify Eq. (3) to give
where A is a normalization constant which can be chosen to make the total intensity R I QW`͑ q x 0 ͒ dx 0 equal to the area under the experimental intensity curve for N 1. With this value of A we obtain the dotted lines shown in Fig. 4 for N 1 and N 2 of the infinite quantum well. Peak positions and widths are very well reproduced, indicating that terraces behave as infinite potential wells with similar wave functions. The deviations between I QW`͑ q x 0 ͒ and the experimental I͑q x 0 ͒ might be due to differences from the actual terrace potential [5] . Both terrace potential and wave functions could be obtained in real space from the experimental curve I͑q x 0 ͒, as indicated by Eq. (3). However, p I͑q x 0 ͒ gives only the modulus of the terrace quantum well wave function in momentum space. Its phase is needed to obtain the (experimental) wave function in real space by Fourier transformation. As we show elsewhere, this phase can be deduced self-consistently starting with the ansatz provided by the infinite potential well [14] . On the other hand, Eq. (3) disregards diffraction effects of the photoemission final state from the step array, that are expected to modulate I͑q x 0 ͒. Diffraction from the superlattice is probably the reason for the asymmetry around q x 0 0 observed in the data for both N 1 and N 2 in Fig. 4 , since this asymmetry is found to be photon-energy dependent. Thus the intensity curves in Fig. 4 contain the essential information about the surface wave function at the Au(788) terrace quantum wells, that can be extracted with a refined theoretical approach of the angle-dependent photoemission matrix element including diffraction effects in the final state [14] . 
